Abstract. To obtain knowledge about the phenological adaptation of wild Cicer, we studied Israeli populations of Cicer judaicum and quantified the flowering time and morphological vernalisation response. Vernalisation treatment led to a similar advance in flowering time in Israeli C. judaicum and in Turkish C. reticulatum. The two wild taxa, however, showed differential response in main shoot development following the vernalisation treatment. Betweenand within-population variance components of the measured traits were estimated. Phenological variation between populations exceeded the variation between accessions within populations. We suggest that increasing the number of sampling sites at the expense of more intensive collection within sites is likely to optimise collection strategy for this species.
Introduction
It is well accepted that allelic variation in wild progenitors of crop plants is much wider compared with their domesticated counterparts (e.g. Harlan 1992; Tanksley and McCouch 1997) . This almost universal phenomenon largely results from the genetic bottlenecks associated with the domestication process and the subsequent selection in man-made agro-ecosystems (e.g. Ladizinsky 1985; Abbo et al. 2003a Abbo et al. , 2003b . The biotic and abiotic constraints to crop productivity on the one hand and the wealth of genetic variation among wild relatives of crop plants on the other hand prompted the idea that wild progenitors may serve as a valuable source of allelic variation for crop improvement (e.g. Aaronsohn 1910 ). This concept gained wide recognition following the worldwide swift replacement of traditional landraces by modern plant varieties (Harlan 1972) . Alleles promoting desirable traits can be easily introduced from species within the primary genes pools and to a lesser extent from the secondary gene pools (Harlan and deWet 1971) .
Considering the wider allelic variation of wild progenitors of crop plants, these wild populations are also an indispensable tool for understanding the physiological and genetic basis of crop adaptation (Evans 1993) . The concept of comparative genetic analysis using interspecific cross progeny, as well as comparisons between cross-incompatible genera, and more recently even between members of different plant families, is becoming ever more popular in plant sciences (e.g. Gale and Devos 1998) . This idea, however, is more than 80 years old and may be traced to 'the law of homologous series in variation' coined by Vavilov (1922) . Put in simple terms, Vavilov (1922) argued that whatever phenotypic or genetic variation is observed in any one taxon, it is likely to occur in its (close or distant) relatives as well. Hence, a comparative study of a wide array of related taxa is likely to provide evidence for the evolutionary history of adaptation strategies both in the wild and under domestication (Evans 1993) .
Comparative studies on physiological aspects of yield in domesticated and wild forms of cool-and warm-season cereal species were extremely valuable in cereal-breeding programs (Evans and Wardlaw 1976; Evans 1993) . Many successful wheat-breeding programs have been developed in close interaction with plant physiology laboratories (e.g. Austin et al. 1980; Bingham and Lupton 1987) . A similar approach was adopted in the comprehensive study of the photo-thermal control of flowering in grain legumes (e.g. Summerfield et al. 1995) .
The domestication of chickpea resulted in a considerable reduction of genetic variation (Abbo et al. 2003a) . This narrow variation, with its consequences for adaptation of domesticated chickpea, is thought to have resulted from a series of genetic bottlenecks starting with the narrow distribution of the wild progenitor, through the domestication processes, and ending with recent replacement of landraces by modern varieties (Abbo et al. 2003a) . The evolutionary history of chickpea becomes even more puzzling when compared with the situation in pea and lentil, 2 contemporary domesticants of chickpea in the Neolithic Near East. The wild relatives of these 3 grain legumes span a similar geographic range (Zohary and Hopf 2001) , but most wild Cicer species are characterised by narrow allopatric distribution, whereas wild Pisum and Lens species show sympatric distribution across the broad geographic range of their genera (van der Maesen 1972; Ladizinsky 1993; Zohary and Hopf 2001) .
With respect to germplasm collections, some Cicer species are represented by a single or less than 5 accessions (Berger et al. 2003) . The lack of a representative germplasm collection of several Cicer species limits the potential of carrying out a sound comparative physiological analysis (Abbo et al. 2003a; Berger et al. 2003) . Recently, we initiated an effort to increase the number of available wild Cicer sp. accessions for comparative genetic and physiological studies. In this context we surveyed the Mediterranean zones of Israel for C. judaicum populations (Ben-David 2005) . The present paper aims to broaden the understanding of Cicer adaptation through phenological evaluation of a newly collected germplasm of C. judaicum from the Mediterranean zone of Israel.
Materials and methods
Wild accessions of C. judaicum individual plant separately to create independent accessions. Because C. judaicum is self-pollinating, no protection of flowers was necessary. A subset of the collected germplasm was chosen for phenotypic evaluation in an attempt to represent the widest geographical range of the species in Israel. List and location details of the populations studied are given in Table 1 .
Evaluation of phenological variation in the C. judaicum collection
Vernalisation response was assessed following the method of Abbo et al. (2002) . Seeds of C. judaicum accessions were scarified to allow imbibition and then placed on wet filter paper in Petri dishes at room temperature. After seed swelling for 24 h and addition of water if necessary, the Petri dishes were sealed with Parafilm, wrapped in aluminium foil, and placed in a 4
• C chamber for 27 days. Three days before the end of the cold treatment period, a control lot of seeds was germinated (as above) at room temperature. At the end of the cold treatment, the Parafilm was removed and seedlings were left to harden off at room temperature for 24 h. Cold-treated and control seedlings were planted on 30 December 2002. The experiment was carried out in Rehovot, Israel (60 m above sea level, 31
• 54 26 N, 34
• 47 48 E), inside a 50-mesh screenhouse along drip irrigation lines (2-m apart) with plants being 40-cm apart (along the lines) on Rhodoxeralf (American Soil Science Society classification) soil. We used a split-plot experimental design with accession as the main plot and treatment as the secondary plot. Groups of 4 plants from each accession, consisting of a pair of cold-treated plants and a control pair, were randomly arranged along the irrigation lines. In total, 53 accessions from 12 populations of C. judaicum were planted with 4 replicates (2 plants per replicate) for each accession in each treatment. In addition, 2 C. reticulatum accessions (Cr205, Crsp-1) and 1 C. arietinum cultivar (Hadas) that were included in a previous experiment (Abbo et al. 2002) were planted with 7, 4, and 11 replicates, respectively, serving as references. Mainstem tagging and recording the date of first flower appearance and node number of first flower were performed on an individual plant basis following Abbo et al. (2002) . The length of the main stem was recorded 70 days after seedling emergence.
Results

Vernalisation response
Four weeks of vernalisation advanced the flowering date in C. judaicum by 16-24 days (Table 2) . Some populations had relatively narrow ranges of vernalisation response, while others had a considerably wider range (e.g. E'mek Maharal, Table 2 ). This observation is in accord with the variance components estimation showing that the variance between populations is only slightly larger than the variance within the tested populations ( Table 2) .
The node number of the first flower was used as an indicator for the flowering response of chickpea (Roberts et al. 1985) . The vernalisation treatment caused flowering to begin 2-3 nodes ahead of the control, non-vernalised seeds (Table 3) , as expected from the vernalisation flowering response ( Table 2 ). The variance component 
estimation for this trait shows that variance between the populations greatly exceeds the variance within populations (Table 3) . Only 1.7% of the variation was accounted for by the population × treatment interaction, 
and some 5.1% by the interaction between accessions and treatment (Table 3) . Vernalisation effect was noted in all populations where control plants developed shorter main stems (Table 4) . A stronger vernalisation effect on the length of the main stem was observed in C. reticulatum, whereas no effect was noted in the domesticated, control cv. Hadas (Table 4) . The variance components estimation for this trait shows that differences between populations contributed some 10% of the variation and 6% of the variation was observed between accessions within populations ( Table 4 ). The 2 interaction terms (population × treatment and accession × treatment) contributed only a negligible portion of the variance in this trait (Table 4) .
Given the observed within-population variance for the above phenological traits it is of interest to evaluate the potential for sampling a range of genetic variation from any given site. A preliminary estimate (Table 5) presents the variance for the 3 phenological traits in the analysed populations. Notwithstanding the limitations of our small number of accessions per site, it appears that no clear relationship exists between the number of accessions sampled per site and the within-population variance.
Earliness per se
The days to flowering in the vernalisation treatment group estimates the so-called earliness per se (Abbo et al. 2002) . The mean days to first flower following 4 weeks of vernalisation treatment ranged between 59 days for the earliest population of Kiryat Sefer (located in western Samaria) and 68 days for the populations of Mevo Beitar (between Jerusalem and Beth-Lehem) and E'mek Maharal (in Mt. Carmel) ( Table 6 ). Variance component estimation of this trait showed that the populations contributed more than 30% of the variance, whereas the within-population factor (between accessions within populations) accounted for only ∼7% of the variance (Table 6) .
A graphical comparison of the earliness per se among the studied C. judaicum populations and the respective vernalisation response of 2 Turkish C. reticulatum accessions is presented as the deviation of flowering time in the vernalised group of each population from the grand mean of days to first flower in all vernalised C. judaicum populations (Fig. 1) . Both early and late flowering populations were found: 2 populations flowered 4 days earlier than the grand mean and 2 others 5 days later than the grand mean (Fig. 1) . The deviation of the flowering date of the two C. reticulatum accessions was similar to the late populations of C. judaicum.
Discussion
This is the first report concerning genetic variation in physiological adaptation of wild chickpea using more than one independent accession from any natural population. To 
our knowledge, the currently poor state of the wild chickpea collections did not allow such studies (Berger et al. 2003) . Consequently, all past reports on genetic variation in wild chickpea (between and within species) were based on a single 
accession per sampling site and should therefore be treated with caution (Abbo et al. 2003a; Berger et al. 2003) . Without any prior information on the population structure of wild chickpea species it is difficult to devise a sampling strategy to maximise the likelihood of covering the genetic spectrum of the species. More specifically, how should we define the geographical boundaries of the populations which And what is the level of gene flow between adjacent and remote sites? Should we maximise the number of sampling sites, or should we attempt to cover more extensively a small number of representative populations? Also, are larger populations more diverse than smaller ones? As present knowledge of wild chickpea is meagre, this work represents only the first step in approaching the above questions. The phenological traits measured herein were chosen because of the relative ease of evaluation. Consequently, this work should be viewed as an introductory study to estimate phenotypic and genotypic variation between and within wild annual Cicer populations.
Apart from broadening our understanding of basic mechanisms governing plant adaptation and ecology, such intergeneric and interspecific comparative adaptation studies are highly relevant to grain legume improvement. Resorting to Vavilov's 'Law of homologous series in variation' (Vavilov 1922) will clarify this argument. Given the close phylogenetic relationship between the 3 genera of Lens, Pisum, and Cicer and between the different Cicer species in particular, it is most likely that any adaptive locus found in a given species will have its (active or inactive) homologous counterpart in the other congeneric taxa. For instance, based on the known genetic basis of vernalisation in pea (Reid et al. 1996) and given the vernalisation response of wild C. reticulatum (Abbo et al. 2002) , domesticated chickpea is likely to have a vernalisation locus (or loci), albeit with a non-responsive allele. In the same manner, if chilling (or heat) tolerance at the podding and grain development stage is found in any of the wild Cicer species, this may help to identify the genomic region(s) responsible for this highly important yield-limiting trait (Clarke et al. 2004) .
Vernalisation response of wild C. judaicum Vernalisation advanced the flowering date by an average of 20 days across the C. judaicum populations ( Table 2) . The vernalisation response among the Israeli C. judaicum accessions was similar to the previously reported effect of vernalisation among Turkish C. reticulatum (c. 20 days, Abbo et al. 2002) . This effect was obtained despite the generally mild Israeli winters compared with the lower winter temperatures and higher snow frequency in southeastern Turkey. This observation corroborates our hypothesis that lack of vernalisation response among domesticated chickpea (Summerfield et al. 1989 ) is a result of adaptation of chickpea to subtropical climates following domestication (Abbo et al. 2003a (Abbo et al. , 2003b . The development of the main stem following vernalisation was strongly associated with the vernalisation response in Turkish C. reticulatum (Abbo et al. 2002) . In Israeli C. judaicum, however, a clear pattern of longer main shoots in vernalised plants was evident, but with no degeneration or severe retardation of the main shoot in non-vernalised plants, as often seen in non-vernalised C. reticulatum (Table 4 herein, Abbo et al. 2002) . Notably, both our vernalised and control groups were planted outdoors on 30 December 2002, and therefore it is likely that the Israeli winter temperatures have exerted at least partial vernalisation effect on the control group. However, the fact that significant differences were noted between the vernalised and control group suggests that the vernalisation potential was not saturated in the control group.
Between-and within-population variation
This experiment provides some clues as to the desired sampling strategy to maximise the likelihood of providing a reliable genetic profile of Cicer populations. Interestingly, a somewhat higher within-population variance of the studied traits was observed in the population with the larger number of sampled accessions (Table 5) . A general sampling strategy was proposed by Brown and Marshall (1995) aimed at optimising the allelic (and hence the adaptive) coverage of the collected taxa, given limited collection resources. Brown and Marshall (1995) proposed sampling of ∼50 populations in each eco-geographic zone and ∼50 individuals in each population. However, some wild grainlegume populations are often too small to allow sampling of 50 independent individuals. Although our study should be considered as a preliminary measure for genetic variation in wild C. judaicum, we found that between-population variance exceeds within-population variance for most traits studied. Therefore, it appears that increasing the number of sampled sites (populations) at the expense of the number of accessions per site is probably a better strategy if collection and evaluation resources are limited.
Earliness per se
Timely flowering is a key adaptive trait in wild and domesticated plants. Therefore, the inherent growth rate or the progress to flowering, the so-called earliness per se, is a very important adaptive and agronomic trait (Snape et al. 2001) . Loci for earliness per se are often independent of loci for daylength response and/or vernalisation response and therefore can exert their effect regardless of the genetic background (e.g. daylength sensitive or insensitive, spring or winter types, etc.). As such, manipulating earliness per se loci may help breeders to fine-tune cultivar phenology to different target environments. A range of earliness per se phenotypes was observed among the different C. judaicum populations, with a relatively large between-populations variance component among the studied traits (Table 6 ). As expected, Turkish C. reticulatum shows a late phenology compared with the mean of Israeli C. judaicum populations (Fig. 1) . Modern plant functional genomic tools may help in understanding the molecular mechanisms governed by the observed allelic variation in earliness per se as well as in other adaptive traits. Such knowledge may eventually emerge from the well-characterised model species to assist breeders of staple crops to overcome current breeding limitations.
This study of wild C. judaicum contributes to our understanding of adaptation in Cicer by demonstrating the existence of vernalisation response in another wild Cicer species and by exposing the range of phenological variation present across and within its Israeli habitats. In addition, the preliminary measure of within-v. betweenpopulation variance is proposed as a guide for wild Cicer sampling strategy.
